The extremely high catalytic efficiency of undercoordinated noble metal adatoms is indeed fascinating, but its chemical and electronic origin remains yet puzzling. Incorporating the BOLS correlation theory [Sun, C. Q. Prog. Solid State Chem. 2007, 35, 1] into the high-resolution XPS measurements et al. New J. Phys. 2007, 9, 143; et al. J. Chem. Phys. 2008, 128, 114706] has affirmed the BOLS expectations that the broken bonds induce local strain and quantum trapping in addition to polarization of the otherwise conductive half-filled s-shell charge by the tightly-and densely-trapped inner electrons of the adatoms. Both the trapped and polarized states would be detectable from the density-of-states evolution of the valence and the core bands. The trapped states have been discovered at the bottom edges of Pt(5d ) 3d 5/2 . It is suggested that the quantum trapping increases the electroaffinity and the polarization does oppositely. Therefore, the Rh adatom serves as a donor and the Pt adatom as an acceptor in the process of catalytic reaction.
Introduction
Interaction between undercoordinated atoms has been recognized as the key to the unusual behavior of low-dimensional systems such as adatoms, atomic defects, dimers, atomic chains, terrace edges, nanoribbons, nanotubes, nanowires, nanograins, nanocavities, and the skin of a flat surface. The low-dimensional systems are characterized by a high fraction of atoms with an effective atomic coordination number (z, or CN) being between the values of 0 and 12. 1 The z equal to zero corresponds to an isolated atom and z ) 12 to an atom in the ideal bulk interior with an fcc structure as the standard. The elucidation of the electronic structure and the electronic binding energy (BE) of such low-dimensional systems is of great importance, since its clarification can improve our understanding of the origination of the novel chemical and physical properties of lowdimensional systems, such as the mechanical strength, chemical reactivity, thermal stability, optoelectronic, and magnetic and dielectric performance, as opposed to those of the bulk counterparts. 2 The primary role of undercoordinated atoms in determining the surface chemical reactivity has been well-established as a result of surface science. It has been found that 3 every third row of Au atoms adding to a fully Au-covered TiO 2 surface could improve the efficiency of CO oxidation at room temperature by a factor of 50 compared with the otherwise fully Aucovered surface. In the case of N 2 dissociation on Ru(0001) surface, the activation energy is 1.5 eV lower at steps than that on the flat surface, yielding at 500 K a desorption rate that is at least 9 orders of magnitude higher on the terraces, as the dissociation is largely influenced by the presence of steps. 4 Similar results have been found for NO decomposition on Ru(0001), 5,6 H 2 dissociation on Si(001), 7 and low-temperature nitridation of nanopatterned Fe surface. 8 An adatom concentration of a few percent is sufficient to dominate the overall reaction rate in a catalytic process because of the higher reaction rate or the lower activation energies of the undercoordinated atoms. For instances, the first methane dehydrogenation process is highly favorite at the Rh-adatom site on Rh(111) surface with respect to step or terrace sites; 9,10 adatoms deposited on oxides can activate the C-H bond scission, 11 the acetylene cyclomerization, 12 and the CO oxidation. 13 Another relevant contribution determining the chemical reactivity is the surface strain. Gsell et al. 14, 15 found preferential oxygen and carbon monoxide adsorption on the stretched regions obtained through subsurface argon implantation on Ru(0001). Wintterlin et al. 16 measured an enhanced NO dissociation probability at the local expanded areas of the Ru(0001) dislocations. In the case of a supported nanoparticle catalyst, it has been observed that adsorption on small clusters can induce a considerable stress in the surface region. 17 In any case, the existence of strain, originated by surface defects or by the interaction with the support, seems to be a general feature of surface catalysts. Obviously, the ability of accepting or donating charge of a catalyst plays a key role in the process of catalytic reaction. 18 The electroaffinity is tunable by the cluster size through valence charge polarization or quantum trapping. 19 The stress is related to the quantum trapping through interatomic binding energy variation.
The extremely high catalytic efficiency of undercoordinated atoms is indeed fascinating. However, the underlying mechanism has been still a great challenge. The catalytic activity of gold was attributed entirely to the presence of neutral gold adatoms on the gold nanoparticles. 3 These adatoms differ from atoms on bulk gold in three ways that might enhance their catalytic activity:
3 (i) They have fewer nearest-neighbor atoms and possibly a special bonding geometry to other gold atoms that creates a more reactive orbital. (ii) They exhibit quantum size effects that may alter the electronic band structure of gold nanoparticles. (iii) They may undergo electronic modification by interactions with the underlying oxide that cause partial electron donation to the gold cluster. Therefore, atomic-level understanding of the energetic behavior of electrons of lowdimensional systems is a very important issue in condensed matter science. The understanding of the local energetic behavior of electrons and mechanical properties becomes especially important in systems with a large number of highly undercoordinated atoms.
The objective of this work is to show that incorporating the bond order-length-strength (BOLS) correlation theory 20, 21 into the high-resolution XPS measurements 22, 23 has affirmed the BOLS predictions that the broken bonds induce local strain and charge and energy quantum trapping in addition to polarization of the otherwise conductive half-filled s-shell charge by the tightly-and densely-trapped inner-shell electrons of the adatoms. Both the trapped and polarized states can be identified by monitoring the evolution of the density-of-states in either the valence or the core band because charge polarization takes place in the valence band but the core charge will be screened. In the currently reported work, the adatoms-induced trapping states have been identified at the bottom edges of Pt(5d 10 ) 4f 7/2 and Rh(5s 14 d 8 )3d 5/2 band and the polarized states only observable at the upper edge of Rh 3d 5/2 because of the occupancy of the 5s orbital. From the findings of quantum trapping and polarization, we suggest that Rh adatoms may serve as a donor because of the polarization effect and the Pt as an acceptor due to the quantum-trapping effect, in the process of catalytic reaction.
Principle: BOLS Expectations
The BOLS correlation theory 2 indicates that if one bond breaks, the remaining ones nearby become shorter and stronger. The bonds between the undercoordinated atoms will contract from the bulk value of d 0 to d z ) C z d 0 , and the bond energy will increase from the standard bulk value of
The bond strengthening is represented by the depression of the interatomic potential, which provides the well of quantum trapping. The C z is the bond contraction coefficient represented by C z ) 2/{1 + exp[(12 -z)/8z]}, with z being the effective atomic CN. 2 The bond nature indicator for metal, m, has been optimized to be around 1. The effective z value for a flat surface atom is 4 instead of 6. The corresponding C 4 ) 0.88 is inconsistent with many experimental observations. For example, a 12% contraction of the first interatomic Nb(001) layer leads to a 0.50 eV positive shift of the Nb 3d 3/2 core level; 24 a (10 ( 3)% contraction of the first layer spacing has caused the Ta(001) -4f 5/2(7/2) level to shift positively by 0.75 eV. 25 As a consequence of the BOLS correlation, localized densification of charge and energy occurs. The broken-bond-induced local strain and quantum trapping provides perturbation to the Hamiltonian ∆ z at the z-coordinated adatom site:
The integral of the intraatomic potential, V atom (r), and the specific Bloch wave function determines the νth level binding energy of an isolated atom, E ν (0); the overlap and exchange integrals of the interatomic potential, V cry (1 + ∆ z ), with the respective wave functions determine the energy shift from E ν (0) to a lower energy upon V cry ( 
, which is proportional to the equilibrium bond energy, E z .
2 Therefore, the broken-bond-induced bond energy gain will directly affect the core-level shift. [27] [28] [29] The measured XPS spectrum can be decomposed into component Gaussian peaks with each component corresponding to a particular value of z, as illustrated in Figure 1 . S 1 , S 2 , and B are three main peaks. If defects or adatoms present, A 1 and A 2 will appear at the lower (large absolute value) end of the spectrum. The energy values of the components satisfy the following criterion:
. If polarization occurs, P component presents at the higher end of the spectrum. The energy of the P peak satisfies ∆E ν (P):∆E ν (12) ) γ < 1, because of the screening effect of the polarization. The γ is the strength ratio of bond energies. The intensities of the components are proportional to the fractions of the specifically z-coordinated atoms. Any core band should demonstrate the fingerprints of both the trapped and the polarized states, if the latter exists. A subtraction of the valence or the core band spectrum of the clean surface from that with adatoms will distinguish the polarized and trapped states.
The broken-bond-induced skin-depth energy densification has been intensively verified for nanostructures because the enhanced energy density relates directly to the local elastic modulus. 30 The densely-and tightly-trapped inner-shell charges will polarize existing surface nonbonding electrons such as those in the half-filled s-orbital of metals. The localized polarization of the surface nonbonding s-electrons makes Au, Rh, Ru, and Ag nanocrystals to be nonconductive and magnetic 18 because the otherwise conducting electrons turn to be the tightly-locked monopoles. As a result of the potential trap depression, the gap between the conduction and the valence band of a semiconductor will expand 31 and the core-level binding energy of a specimen will shift positively to deeper energies, which has been observed frequently. 2, 21, 32 The electroaffinity (in eV) of a specimen is the separation between the vacuum level and the bottom edge of the conduction band, which represents the ability of capturing and holding the bonding electrons from others. One specimen with a larger value of affinity has a higher tendency to hold the caught electrons more firmly; otherwise, the specimen will be ready to lose electrons and serve as a donor. If quantum trapping occurs, the valence charge will flow from the valence top to deeper energies and hence the affinity will be enlarged; the empty states in the upper edge will make the specimen an acceptor that catches electrons from adsorbates. Otherwise, if polarization takes place, the situation changes, and the specimen will provide electrons to the adsorbed specimen in the process of catalytic reaction.
From the perspectives of chemical bonding and the unusual electronic and energetic configurations near the undercoordinated atoms, we have also proposed that the Coulomb repulsion between the "electric monopoles or dipoles locked in the elastic solid skins or the solid-like elastic liquid skins" dominates the occurrences of superhydrophobicity, superfluidity, superlubricity, and supersolidity at the nanometer-sized liquid-solid or solid-solid contacting interfaces. 1 Unfortunately, confirmation of the BOLS expectations of adatom quantum trapping and charge polarization is not so frequent but highly demanding.
From the above discussions, we may establish the rules for decomposing the spectrum of the adatom-induced core-level shift:
1. In addition to the main peaks of B, S 2 , and S 1 , there should be A and P components representing the trapped and the polarized states of the undercoordinated adatoms.
2. The energy shift should be positive, and the lower-z component shifts further. However, the P states should move oppositely to the A states.
3. The energy shift of each component is proportional to the magnitude of bond energy, which follows this relationship:
3. Results and Discussion 3.1. Experimental Observations: Adatoms Induce Positive Core-Level Shift. The well-measured sets of XPS data from Pt 22 and Rh 23 surfaces with adatoms make the current verification of the BOLS expectations possible. Using high-resolution XPS, Baraldi et al. 23 examined the adatom effect up to 1/4 ML on the 3d 5/2 spectra of Rh(110) and Rh(111) surfaces at photon energy of 380 eV with polar emission angles varying from 20 to 50°with respect to the surface normal. Results showed that the smaller polarization angle from the Rh(111) surface derives a relatively higher intensity of the high-energy bulk component; at the given polar angle and beam energy, the intensity of the low-energy surface peak increases with the coverage of the adatoms compared with other peaks at higher bulk BE of Rh(100). These observations demonstrate the sequence of positive shift. Bianchettin et al. 22 also examined the adatom effect up to 0.19 ML on the Pt 4f 7/2 and decomposed the spectra using two peaks; one is at 71.0 eV and the other around 70.5 eV. The intensity of the 71.0 peak increases with the coverage of adatom compared to that of the 70.5 eV peak, being consistent with that observed from Rh surfaces.
In order to compare the spectral intensity evolution upon adatoms deposition, we need to find the spectral intensity difference between the spectra collected from specimens with different amount (ML coverage) of adatoms and the spectrum from the ideally clean surface as a standard. Before doing so, we need to normalize all the spectra using the commonly maximum intensity as reference. For Pt 4f 7/2 , the maximum is at 70.52 eV; for Rh 3d 5/2 , it is at 307.13 eV. Normalization of all the compared spectra in one set using the highest intensity at certain energy of all the spectra will ensure the full information to be properly analyzed, including the charge polarization and trapping. Figure 2a and b compares the normalized spectra that were collected from Rh and Pt surfaces with different coverage of adatoms. The overlapping of the spectra can hardly show the details clearly regarding the spectral evolution upon homoadsorption of the surfaces.
Spectral Difference: Presence of Polarized and Trapped States.
In order to view closely the spectral difference, we subtracted the normalized spectrum of the clean surface from those with adatoms. The differential spectra are compared in Figure 2c and d. As expected, no polarized features present at all for Pt specimen. However, the Rh profiles are more complicated. In additional to the trapped states at energies of z ) 4 and 6, the original trapped states at z ) 3 disappear with an addition of the polarized P states centered at 306.2 eV, above the bulk component. It is seen that the extent of trapping and polarization increases with the adatom coverage up to 0.25 ML. Further deposition may reduce the extent although experimental evidence is lacking from the available database.
The spectral difference between Pt and Rh coincides exceedingly well with the BOLS expectation that only the otherwise conductive half-filled s-electron Rh(4d 85 s 1 ) can be polarized and locked as monopoles to the adatoms, making no contribution However, the P states should move oppositely with respect to the A states. 3. The energy shift of each component is proportional to the magnitude of bond energy, which follow this relationship:
to the conductivity. These polarized s-electrons are suggested to be responsible for the magnetism of the small clusters as well. 2, 33 It has been confirmed that the valence and the core electrons of a specimen shift simultaneously in the same direction because of the screening effect to the core charge, such as the cases of AgPd and CuPd bimetallic alloy catalysts.
34,35
AgPd was identified as a donor and CuPd as an acceptor because of the respective polarization and trapping effect.
There are two possible reasons for the loss of the initially trapped surface charge at z ) 3: (i) the electrons of adatoms are fully polarized, moving from z ) 3 energy to the P states; (ii) the number of the initially z ) 3 adatoms is reduced upon deposition of adatoms, which means that the initial flat surface is not so flat but with many edges and steps. Compared with the XPS Pd 3d 5/2 profiles, the XPS 3d 5/2 spectra of Rh surfaces demonstrate asymmetric features. 23, 36 The tails at the lower energy end indicate the presence of surface defects trapped states. From the analysis, it is understandable now why there is no such P states in the Pt(5d 10 6s 0 ) 4f 7/2 spectra because of the unoccupied 6s orbit.
Similarly, we have examined the residual Pt 4f 7/2 DOS of Pt(100)-(1 × 1) 37 induced by the hexagonally reconstructed Pt(100) surface, as shown in Figure 3 . The simple subtraction of the spectrum of the hexagonally restructured surface with denser edges by that of the perfect Pt(100)-(1 × 1) surface revealed that the residual density of state follows the trend in Figure 2c of quantum trapping. Due to a contraction of the Pt-Pt distance, the topmost layer accommodates about 25% more atoms than the bulk-terminated ideal (100) layer. This finding further supports the BOLS derivatives regarding the structural relaxation and quantum trap depression by the shorter and stronger bonds between undercoordinated atoms.
3.3. Decomposition: Quantification of the Energy Levels and Their Components Shift. According to the constraints given, the spectra from clean surface of each Pt and Rh specimen were decomposed with five components, representing the P, B, S 2 , S 1 , and A from higher to lower BE, as shown in Figure 4 . The decomposition was conducted by choosing z 1 ) 4 and z 3 ) 12 for the (100) surface as reference and allowing other components to be optimized in the best fit. For each element, the B energy and E ν (0) remain unchanged for all the surfaces. The optimal component energies and the decomposition parameters are summarized in Table 1 . The derived local strain (c z -1) and the effective CNs for the other components are also given.
From the decomposition, we obtained the E ν (0) and ∆E ν (i) values. Using a least root-mean-square method, 21 we can obtain the standard deviation. It has been derived that the BE for an isolated Rh atom is 302.1467 ( 0.0003 eV with the bulk shift of 4.3653 eV and that the BE for an isolated Pt atom is 67.2086 ( 0.0003 eV with the bulk shift of 3.2814 eV. The refinement leads to the effective atomic CNs of the top (100) and (111) atomic layers as 4.00 and 4.25. The calculations lead to the coordination-resolved core-level shift for Rh 3d 5/2 and Pt 4f 7/2
with an addition of the polarized states to the Rh adatoms. Theoretical reproduction of the size dependence of the Pt 3d 5/2 spectra has led to the bulk shift of 2.99 ( 0.31 eV and the E 3d (0) ) 67.67 eV. The difference may arise from the accuracy of particle size determination. This fundamental information should be useful to the understanding of the catalytic behavior of these undercoordinated atoms. Besides the effective atomic CN and the local strain (c z -1), decomposition of the XPS spectra allows us to derive information regarding the ratio of binding energy density (c z ) for each surface and adatom component, 2 as listed in Table 1 . These quantities are of fundamental importance to the understanding of the surface properties and the processes of surface reaction and nucleation. For instance, the binding energy density determines uniquely the elastic modulus 30 and the atomic cohesive energy dominates the critical temperature of phase transition. 
Conclusion
We have analyzed the homoadatom XPS spectra of Pt 4f 7/2 and Rh 3d 5/2 based on the recently developed BOLS theory and algorithm with derived quantitative information and improved understanding of the catalytic behavior of the undercoordinated atoms:
1. The expectations of broken-bond-induced local strain and quantum trapping and the associated polarization of nonbonding electrons have been confirmed.
2. The spectral difference provides a powerful tool for identifying the evolution of electrons upon coordination change.
3. The five-component spectral decomposition allows us to extract quantitative information about the energy levels of an isolated atom and to establish the coordination-resolved BE of each component and the corresponding local lattice strain.
4. Approaches and findings may extend to other undercoordinated systems such as atomic defects and nanostructures.
5. Most importantly, the Rh adatom has been identified as a donor and Pt adatom as an acceptor in the catalytic reactions because of the XPS-detected respective polarization and quantumtrapping effect.
6. Besides the effective atomic CN and the local strain, decomposition of the XPS spectra allows us to derive information regarding the ratio of binding energy density and the ratio of atomic cohesive energy for each surface and adatom component, which are of fundamental importance to the understanding of the surface properties and the processes of surface reaction and nucleation. 
